To evaluate the performance of zeolite-supported carbon-doped TiO 2 composite catalysts toward target pollutants under solar light irradiation, the adsorption and photocatalytic degradation of 18 pharmaceuticals and pesticides with distinguishing features (molecular size and volume, and photolysis) were investigated using mordenite zeolites with SiO 2 /Al 2 O 3 ratios of 18 and 240. Different quantities of carbon-doped TiO 2 were coated on the zeolites, and then the finished composite catalysts were tested in demineralized, surface, and hospital wastewater samples, respectively. The composite photocatalysts were characterized by X-ray diffraction, field emission scanning electron microscopy, and surface area and porosity analyses. Results showed that a dispersed layer of carbon-doped TiO 2 is formed on the zeolite surface; this layer blocks the micropores of zeolites and reduces their surface area. However, these reductions did not significantly affect adsorption onto the zeolites. Our results demonstrated that zeolite-supported carbon-doped TiO 2 systems can effectively degrade 18 pharmaceuticals and pesticides in demineralized water under natural and simulated solar light irradiation. In surface and hospital wastewaters, zeolite-supported carbon-doped TiO 2 systems present excellent anti-interference capability against radical scavengers and competitive organics for pollutants removal, and higher pollutants adsorption on zeolites evidently enhances the removal rate of target pollutants in surface and hospital wastewater samples with a complicated matrix.
INTRODUCTION
Pharmaceuticals and pesticides have been widely detected in surface waters (Westerhoff et al. ; Zwiener ) . Although no formal regulation on the maximum allowable concentrations of pharmaceuticals in surface and drinking waters is available, adverse effects to wildlife have been attributed to exposure to pharmaceuticals (Ellis ; Kosma et al. ) .
Among the remediation techniques currently available, photocatalytic oxidation of organic pollutants by TiO 2 under ultraviolet (UV) or solar irradiation has received considerable attention (Bhatkhande et al. ; Anpo & Takeuchi ; Raileanu et al. ) . The important advantages of TiO 2 over other semiconductors include its broad band gap that allows both • OH and O 2 À formation, low cost, to remove from the reactor effluent, and agglomeration of TiO 2 particles gradually reduces effectiveness. When TiO 2 is immobilized on a support material, such as zeolite and activated carbon, its removal from suspension is facilitated and agglomeration is reduced (Zhao et al. ) . When this support material is an adsorbent, combined interactions are observed. Pollutants are adsorbed and concentrated close to the photocatalyst, increasing photocatalysis effectivity. Photodegradation of pollutants recovers the adsorption surface, thereby enabling the adsorption process to continue rather than reach adsorption equilibrium (Torimoto et al. ; Xue et al. ) . The hydroxyl radicals produced during photocatalysis react with organic materials. As such, zeolites are expected to become more durable support materials than activated carbon because they are chemically inert. An additional advantage of zeolites is that they are more specific adsorbents than activated carbon, and they can exclude most natural organic matter present in surface or wastewaters (Knappe & Campos ) . Thus, adsorption competition within the zeolite is reduced and selective adsorption capacity of certain pollutants is increased. Since hydroxyl radicals may be more efficiently used, losses caused by oxidation of non-targeted natural organic matter are reduced. Our goals are to investigate the influence of zeolite as a TiO 2 support on the adsorption and photocatalytic degradation of 18 pharmaceuticals and pesticides with different features ( Supplementary Table S1 , available with the online version of this paper), determine if adsorption capacity can be regained by photocatalysis, and assess the influence of natural organic matter on the characteristics of the zeolite support. To reduce energy requirements, a carbon-doped commercial TiO 2 that is active in visible/solar light was used, and photocatalytic experiments were conducted in both simulated and natural solar light for comparison.
MATERIALS AND METHODS

Chemicals
Mordenite zeolites with a SiO 2 /Al 2 O 3 of 18 (MOR18) and 240 (MOR240) were obtained from Tosoh (Japan) with products named as 640HOA and 690HOA, respectively. Their mean particle size is 12 μm, and the pore openings in the mordenite framework have a diameter of 0.65-0.7 nm. The zeolites were coated with 'Kronoclean 7000' (Kronos, Germany) TiO 2 powder. This is a carbon-doped TiO 2 (anatase) which has a cut-off wavelength of 535 nm and, as such, capable to use visible light to generate hydroxyl radicals (Supplementary Figure S4 , available with the online version of this paper). Specific surface areas were calculated by using of the multipoint BET (Brunauer-Emmet-Teller) model. According to the supplier, the TiO 2 powder has a BET surface area >250 m 2 /g, and a crystallite size of 15 nm. All pharmaceuticals and pesticides were obtained from Sigma Aldrich, and were of analytical grade. Demineralized water (pH ¼ 7.15, electrical conductivity ¼ 0.6 μS/ cm) was obtained by passing tap water (Delft, The Netherlands) through reverse osmosis (RO) and ion exchange (IEX). Surface water was obtained from the river Schie (Delft, The Netherlands) and filtered over a 50 μm glassfiber filter, and had a total organic carbon (TOC) concentration of 20 mg/L with pH at 8.24. Hospital wastewater effluent was obtained from Maria Middelares Hospital (Ghent, Belgium) and filtered over a 50 μm glassfiber filter, and had a TOC concentration of 10 mg/L.
Preparation and characterization of the photocatalyst composite
Different ratios of carbon-doped TiO 2 was dispersed on zeolite surface by solid-state dispersion (SSD) method (Durgakumari et al. ) . Required amount of carbon-doped TiO 2 is admixed with zeolite in an absolute ethanol thoroughly before the solvent is slowly evaporated and calcined at 450 W C for 5 h.
The detailed properties of zeolite were investigated by X-ray diffraction (XRD), surface area and porosity analyzer, field emission scanning electron microscopy (FESEM), and particle size measurements technologies. The XRD of zeolite were analyzed by a Rigaku D/MAX-2500 X-ray diffractometer using Cu (40KV, 150 mA) from 2θ ¼ 3-60 W with 0.02 W as scan step. The surface area and porosity of zeolite were analyzed by a Micromeritics ASAP2020M micropore analyzer. Samples for FESEM were coated with gold and observed in a Carl Zeiss Company Libra200 field emission gun transmission electron microscope.
Adsorption and photocatalytic experiments
The irradiation experiments were executed in a solar reactor with a Xenon arc lamp. The irradiation intensity was 65 W/m 2 in the wavelengths 300-400 nm, and 1,844 W/m 2 in the wavelengths 400-570 nm, determined by a broadband radiant power meter (Newport Corporation). A carbondoped TiO 2 /zeolite composite dose of 0.7 g/L in 100 mL water was used for all experiments. The initial concentration of pharmaceuticals and pesticides was 100 μg/L in all experiments and these were dosed as a mixture. An overview of the pollutants and their characteristics is given in Sup- plementary Table S1 . The water was added to 250 mL beakers and the samples were continuously stirred by magnetic stirrers, and cooled at 25 W C during irradiation. All samples were irradiated for 2 h and analyzed by ultra high performance liquid chromatography-high resolution (Orbitrap) mass spectrometry.
For the experiments with only adsorption, the same procedure was used, but the solar light was not activated.
In the cyclic adsorption and adsorption/irradiation experiments, the same procedure was used as in the irradiation experiments, with the exception that the same carbon-doped TiO 2 /zeolite composite was used in three consecutive irradiation cycles. After an irradiation cycle, the carbon-doped TiO 2 /zeolite composite was removed from solution by vacuum filtration over a 0.45 μm PESA filter and dried at 70 W C for 1 h.
RESULTS AND DISCUSSION
Characterization of photocatalysts
The XRD patterns of MOR18 and MOR240 loaded on different rates of carbon-doped TiO 2 are illustrated in Figure 1 . The characteristic peak of the TiO 2 anatase crystal phase is approximately 2θ ¼ 25.5 and became visible in both zeolites with carbon-doped TiO 2 loadings of 5 wt% w/w and higher; the intensity of this peak increased with higher carbon-doped TiO 2 loadings. The intensities of the characteristic peaks of MOR18 and MOR240 were significantly reduced at higher carbon-doped TiO 2 loading because carbon-doped TiO 2 loading can weaken the signals of the MOR18 and MOR240 zeolites by shielding X-ray irradiation. These XRD results prove that SSD is an effective method for loading carbon-doped TiO 2 on mordenite zeolites without changing the structure. FESEM photographs of uncoated and coated MOR240 zeolite illustrate that a dispersed but slightly patchy layer of carbon-doped TiO 2 was formed on the zeolite surface, as shown in Figure 2 . Similar observations were made for MOR18 (data not shown).
The BET surface areas and pore volumes of the uncoated and coated zeolites are illustrated in Tables 1 and 2, respectively. After coating of the zeolites with carbon-doped TiO 2 , a significant decrease in available surface area was observed; for example, up to 36-37% reductions in the surface area for both zeolites was found at 50% w/w carbon-doped TiO 2 loading. Comparison of the micropore, mesopore, and macropore size distributions of MOR18 and MOR240 before and after loading with 50% w/w carbon-doped TiO 2 indicated that the surface areas and micropore volumes of carbon-doped TiO 2coated MOR18 and MOR240 are significantly higher than those of mordenites without carbon-doped TiO 2 . These results indicate that the carbon-doped TiO 2 layer around the zeolites could block their micropores and form new mesopores and macropores between the carbon-doped TiO 2 layer and zeolite interface. Thus, the presence of carbon-doped TiO 2 around MOR18 and MOR240 may lead to steric impediments of pollutants diffusing into the internal micropores of the zeolite (Pignatello ) which, in turn, may reduce the adsorption of pollutants by carbon-doped TiO 2 -coated zeolites. However, as shown in Figures 3 and 4 , the effects of reductions in surface area and zeolite micropores do not significantly affect the adsorption of pollutants on carbondoped TiO 2 -coated zeolites.
Adsorption of pollutants on TiO 2 coated zeolites
In general, physical mechanisms, such as hydrogen bonding, van der Waals forces, and hydrophobic and hydrophilic interactions, and/or chemical mechanisms, such as electrostatic interaction and cationic exchange, have been proposed to explain the adsorption of pollutants on zeolites (Liu et al. ) . The SiO 2 /Al 2 O 3 ratio of the zeolite framework has a profound influence on pollutants adsorption, as zeolites with higher SiO 2 /Al 2 O 3 ratios are more hydrophobic (Kuwahara et al. ) and have lower negative charges than those with lower SiO 2 /Al 2 O 3 ratios (Duke et al. ) .
Because of its hydrophobicity and low negative charge, the mordenite with a SiO 2 /Al 2 O 3 ratio of 240 (MOR240) showed complete adsorption of 13 of the 18 pollutants, whereas the mordenite with a SiO 2 /Al 2 O 3 ratio of 18 (MOR18) showed only 0-30% removal for 14 of the 18 pollutants.
The five pollutants that were adsorbed relatively poorly on MOR240 included triclopyr, paracetamol, carbamazepine (60-70% removal), diclofenac (20-30% removal), and diatrizoic acid (0-10% removal). The poor adsorption of diatrizoic acid can be attributed to its large size (MW ¼ 614 g/mol), which restricts pore access. Moreover, triclopyr and diclofenac are both negatively charged, which could cause electrostatic repulsion between the pollutants and MOR240, although the negative surface charge of MOR240 is expected to be fairly low. The relatively lower removal of the other pollutants cannot be readily explained.
Indeed, paracetamol is one of the smallest pharmaceuticals (MW ¼ 151 g/mol) currently available, and its lower adsorption compared with other pollutants could be explained by lower van der Waals interactions within the zeolite pores (Lee & Sigmund ) . Diglyme is smaller (MW ¼ 134 g/ mol) than paracetamol and completely removed by MOR240.
Of the four pollutants that showed relatively high adsorption on MOR18, three (i.e. metoprolol, lincomycine, and terbutaline) were positively charged pollutants. As MOR18 has a negative surface charge, the present finding can be explained by electrostatic interactions between the pollutants and the zeolite surface. The fourth pollutant, phenazon, is a neutral, relatively hydrophobic (log D 1.22), and reasonably small (MW ¼ 188 g/mol) molecule. As such, its higher adsorption cannot be explained by its size, charge, or hydrophobicity. The carbon-doped TiO 2 loading on MOR240 and MOR18 showed nearly negligible influences on the adsorption of pollutants, except for sulfamethoxazole on MOR18. The loading of carbon-doped TiO 2 on MOR18 significantly increased the adsorption of sulfamethoxazole (negatively charged) on MOR18.
Photochemical degradation of pollutants on TiO 2 coated zeolites
As shown in Figure 5 , photolysis by simulated solar light was mostly ineffective for degrading most pollutants (removal rate <10%) but could degrade some pollutants (removal rate ¼ 10-35%), including pirimicarb, metoprolol, sulfamethoxazole, terbutalin, diatrizoic acid, and triclopyr. Diclofenac was easily degraded by direct photolysis and self-sensitization (removal rate >80%) (Zhang et al. ) .
During photocatalytic degradation, most pollutants adsorbed very strongly or completely on MOR240. Thus, distinguishing between adsorption and photodegradation is impossible. While adsorption of most pollutants on MOR18 was poor (between 0 and 20%, Figure 3) , most of the pollutants (14 of 18) showed high photodegradation (>95%) by TiO 2 -coated MOR18 even at low carbon-doped TiO 2 coating quantities. The degradation rates of the four other pollutants, including diglyme, atrazine, simazine, and diatrizoic acid, significantly increased at higher carbon-doped TiO 2 coating percentages on MOR18, with the highest removal rate observed at the highest carbon-doped TiO 2 coating percentage of 50% w/w. This result is in accordance with a literature report that showed a 50% TiO 2 /HZSM-5 composite presenting maximum photocatalytic activity among the samples tested for degrading Reactive Brilliant Red X-3B; in this composite, the TiO 2 loaded on HZSM-5 was excellently distributed on the surface of the zeolite (Zhang et al. ) .
Several theories have been proposed to explain the mechanism of the enhanced photocatalytic activity of zeolite-supported composite photocatalysts, including better adsorption of pollutants because of the increased surface area of the photocatalyst, enhanced adsorption of light because of the avoidance of particle-particle aggregation and light scattering by TiO 2 , and increased electron-hole separation because of the surface Lewis acidity on the zeolite and prolonged life time of the charge carriers in the supported catalysts (Shankar et al. ; Sasikala et al. ; Zhao et al. ) . The photodegradable characteristics of pollutants are also important in this process because photodegradable pollutants, which can be transferred from ground state to excited states under light irradiation, are able to transfer energy and/or electrons to TiO 2 and, thus, enhance the photocatalytic activities of the zeolitesupported TiO 2 by photosensitized oxidation and/or reduction (Sivakumar et al. ; Zhao et al. ) . The zeolite environment can stabilize radical cations to promote charge separation efficiency, control the photoinduced energy and/or electron transfer for photosensitized molecules, and enhance the reactivity of the radical ions for reaction pathways that are not favored in the solution (Lakshminarasimhan et al. ; Lim et al. ) . Therefore, the zeolite environment may help in energy and/or electron transfers between the photodegradable pollutants and carbon-doped TiO 2 , thereby increasing the activity of carbon-doped TiO 2 when photodegradable pollutants are applied as target pollutants for degradation.
Influence of multiple adsorption/irradiation cycles
Without solar irradiation, the adsorption rate of pollutants on MOR18 coated with 50% w/w carbon-doped TiO 2 was low ( Figure 6 ), as observed in our previous (non-cyclic) experiments (Figure 3 ). While adsorption on MOR240 was significantly higher (in accordance with previous noncyclic adsorption experiments), pollutants adsorption decreased after each adsorption cycle as the available adsorption capacity of the zeolite progressively decreased. Similar results were found for MOR18 and MOR240 with 20% w/w carbon-doped TiO 2 (Supplementary Figure S1 ) (all Supplementary Figures are available with the online version of this paper).
When the samples ware irradiated with simulated solar light, pollutants removal on carbon-doped TiO 2 -coated MOR18 was significantly enhanced (Figure 7) . A progressive reduction in pollutants removal was observed over three irradiation/adsorption cycles on MOR18 with 20% w/w carbon-doped TiO 2 (Supplementary Figure S2 ), but this reduction was negligible for most pollutants adsorbed on MOR18 with 50% w/w carbon-doped TiO 2 (Figure 7) . Adsorption of atrazine, simazine, triclopyr, and diatrizoic acid showed progressive reduction of pollutants removal. These pollutants have been previously shown to be relatively poorly photodegradable based on (non-cyclic) irradiation experiments with unsupported carbon-doped TiO 2 . Progressive reduction of pollutants removal indicates that pollutants adsorbed on the zeolite or carbon-doped TiO 2 surface are not completely degraded by photocatalysis and, consequently, reduce the available adsorption/photocatalyst surface. While this effect is most notable for the pollutants that are relatively poorly adsorbable after three irradiation cycles, the removal of other pollutants after more irradiation cycles may also eventually be affected.
Influence of surface and hospital wastewater
As shown in Supplementary Figure S3 , hospital effluent and surface waters have the same UV adsorbance at wavelengths of 300-900 nm, which would imply that the same amount of hydroxyl radicals would have initially been formed in both water types during photocatalysis. Irradiation experiments were carried out in natural solar light (Figure 8 ). As indicated in Figure 8 , the removal rates of most pollutants by carbon-doped TiO 2 and composite catalysts were significantly reduced in hospital effluent and surface waters. Surface water has a TOC concentration twice as high as that in hospital effluent (20 vs. 10 mg/L). Natural organic matter is a known scavenger and competitive organic for hydroxyl radicals (Keen et al. ) , and its high concentration in surface water may reduce the effective amount of hydroxyl radicals available for degradation of pollutants. Nevertheless, 50% w/w carbon-doped TiO 2 loaded on MOR18 showed a slightly higher removal rate for most pollutants in hospital effluent; 50% w/w carbon-doped TiO 2 loaded on MOR240 consistently showed higher removal rates of nearly all pollutants than unsupported carbondoped TiO 2 in both hospital effluent and surface waters. These results demonstrate that zeolite-supported TiO 2 systems present excellent anti-interference capability against radical scavengers and competitive organics for pollutants removal in water with a complicated matrix, as previously reported (Zhao et al. ) .
As illustrated in Figure 8 , unsupported carbon-doped TiO 2 removed terbutalin, lincomycin, sulfamethoxazole, paracetamol, and diclofenac better than other compounds in hospital effluent and surface waters because of the selective adsorption of these organics on carbon-doped TiO 2 . Such findings are consistent with a literature report showing that carbon-doped TiO 2 is a good adsorbent for specific types of natural organic matter (NOM) and that background organic materials can block active sites on the carbon-doped TiO 2 surface, thereby restricting the access of some target organics to the formed • OH (Philippe et al. ; Autin et al. ). 50% w/w TiO 2 loaded on MOR240 showed notable improvements in removal rate for most pollutants in hospital effluent and surface waters because of the selective adsorption of MOR240 of small molecules. These results indicate that higher pollutants adsorption on composite catalysts improves the removal rate of pollutants in surface and hospital wastewaters by the combined effects of adsorption and photodegradation. Therefore, development of highly selective zeolites with carbon-doped TiO 2 supports for certain pollutants may enable selective and efficient removal and degradation of these pollutants in environmental waters with a complicated matrix.
The same irradiation experiments were also carried out in simulated solar light ( Figure 9 ) and similar results were obtained; this finding indicates that simulated solar light represents actual solar light quite well.
CONCLUSIONS
XRD and FESEM illustrate that a dispersed layer of carbon-doped TiO 2 is formed on the zeolite surface. Loading of carbon-doped TiO 2 on zeolites could block their micropores and reduce their surface areas and micropore number. However, the effects of these reductions do not significantly affect adsorption of pollutants on carbondoped TiO 2 -coated zeolites, except for sulfamethoxazole on MOR18. Moreover, the activity of carbon-doped TiO 2 depends not only on the photocatalyst and support but also on the photodegradable characteristics of the pollutants. The zeolite support connects photolytic pollutants and carbon-doped TiO 2 for energy and/or electron transfer to increase the activity of carbon-doped TiO 2 when photolytic pollutants are applied as target pollutants for degradation. In summary, the results of the present research demonstrate that zeolite-supported carbon-doped TiO 2 systems can effectively degrade 18 pharmaceuticals and pesticides in demineralized water under natural and simulated solar light irradiation. In surface and hospital wastewaters, zeolite-supported carbon-doped TiO 2 systems present excellent anti-interference capability against radical scavengers and competitive organics for pollutants removal, and higher pollutants adsorption on zeolite improves the removal rate of the target pollutants by the combined effects of selective adsorption and photochemical degradation.
